SUMMARY Re-entrant beats with regular extrasystolic grouping were seen in 44% of dogs 3-7 days following ligation of the anterior descending coronary artery. Utilizing direct recordings of the re-entrant pathway (RP) from the epicardial surface of the infarction zone, we found extrasystolic grouping to be based on characteristic tachycardia-dependent conduction disorders in a potentially RP. Trigeminy and quadrigeminy were related, respectively, to a 3:2 and 4:3 Wenckebach-like conduction cycle in a RP. However, quadrigeminy could also be due to an underlying bigeminal rhythm with concealment of alternate re-entrant beats, i.e., concealed bigeminy. A THE TERM EXTRASYSTOLIC GROUPING as utilized in this study refers to extrasystoles that occur in repetitive patterns during a basic cardiac rhythm, e.g., the sinus rhythm. In this case, one (or more) extrasystoles may follow every sinus beat (bigeminy), every other sinus beat (trigeminy), every third sinus beat (quadrigeminy), etc. A majority of these extrasystoles show relatively fixed coupling. However, variable coupling, as well as other characteristic variations in coupling, e.g., gradual lengthening of coupling of successive beats may also be seen.
SUMMARY Re-entrant beats with regular extrasystolic grouping were seen in 44% of dogs 3-7 days following ligation of the anterior descending coronary artery. Utilizing direct recordings of the re-entrant pathway (RP) from the epicardial surface of the infarction zone, we found extrasystolic grouping to be based on characteristic tachycardia-dependent conduction disorders in a potentially RP. Trigeminy and quadrigeminy were related, respectively, to a 3:2 and 4:3 Wenckebach-like conduction cycle in a RP. However, quadrigeminy could also be due to an underlying bigeminal rhythm with concealment of alternate re-entrant beats, i.e., concealed bigeminy. A THE TERM EXTRASYSTOLIC GROUPING as utilized in this study refers to extrasystoles that occur in repetitive patterns during a basic cardiac rhythm, e.g., the sinus rhythm. In this case, one (or more) extrasystoles may follow every sinus beat (bigeminy), every other sinus beat (trigeminy), every third sinus beat (quadrigeminy), etc. A majority of these extrasystoles show relatively fixed coupling. However, variable coupling, as well as other characteristic variations in coupling, e.g., gradual lengthening of coupling of successive beats may also be seen.
The mechanism of extrasystolic grouping is probably the one aspect of disorders of the cardiac rhythm that captured the interest of a majority of clinical electrocardiographers and experimental electrophysiologists alike. Three possible mechanisms have been proposed in the literature to explain extrasystolic grouping"' : 1) a parasystolic mechanism; 2) extrasystolic focal activity by which a center is triggered by the preceding impluse to fire one or more extra beats; 3) a reentrant mechanism. Over the years, the attempts to solve the controversy over the mechanism of extrasystoles centered essentially around two means: 1) commonly, deductive analysis of clinical records and, 2) less commonly, experimental designs in which extrasystoles were created by various artificial means.
Of the three postulated mechanisms for extrasystolic grouping, the parasystolic mechanism was disputed as a plausible explanation of a majority of clinical extrasystoles' despite earlier claims to the contrary.4 Since in both remaining mechanisms of triggered focal activity and re-entry, the extrasystole depends basically on a preceding cardiac impulse, both mechanisms may assume similar characteristics in clinical records. Even, in certain experimental designs, the differentiation between the two mechanisms may be ex-bigeminal rhythm was the result of a 2:1 conduction pattern in a reentrant pathway with a sufficient degree of conduction delay during the conducted beat of the 2:1 cycle to result in re-entry. A trigeminal or quadrigeminal rhythm could change to a bigeminal rhythm on critical shortening of the cardiac cycle. Fixed and variable coupling were related, respectively, to stable and changing conduction pattern in a re-entrant pathway. On the other hand, extrasystolic grouping could be concealed due to either block in the re-entrant pathway or entrapment in a small area of the closely bordering normal zone.
tremely difficult probably because of limitations of the recording techniques.
Recently, we have shown that dogs studied 3-7 days following a major transmural myocardial infarction, represent a remarkably stable model for re-entrant ventricular arrhythmias and one in which systematic electrophysiologic and pharmacologic studies could be conducted.5 6 In these dogs re-entry was demonstrated through direct recording of the electrical activity of the re-entrant pathway(s). Continuous electrical activity originating from the infarction zone was shown regularly and predictably to bridge the diastolic interval between the re-entrant beat and the preceding impulse, as well as between consecutive re-entrant beats. In previous reports, we analyzed the conduction characteristics in the infarction zone,5 as well as examined in detail the electrophysiologic mechanisms for initiation and termination of re-entrant ventricular arrhythmias.8 In these experiments, periods of extrasystolic grouping were frequently demonstrated. The ability to record directly the electrical activity of the re-entrant pathway offered a unique opportunity for a close scrutiny of the mechanism of re-entrant beats with extrasystolic grouping.
Material and Methods
The results included in this study were Recordings were obtained during spontaneous sinus rhythm, vagal-induced cardiac slowing, and atrial, His bundle or ventricular pacing, as well as premature stimulation. Details of the pacing procedures and procedures to slow the heart rate are described elsewhere.5 6 The onset and termination of ventricular arrhythmias were monitored in the ECG leads as well as the corresponding changes in the IZ and NZ electrograms. In this study periods of extrasystolic grouping as defined in the introduction were closely analyzed.
Results
Out of 50 experiments that showed re-entrant ventricular arrhythmias, 22 experiments showed periods of re-entrant beats with extrasystolic grouping. In 14 experiments, a critical fast heart rate (atrial pacing at 170-225 beats/min) was necessary for the occurrence of extrasystolic grouping. In the remaining eight experiments, extrasystolic grouping was seen during spontaneous sinus rhythm and/or relatively slow heart rates (80-170 beats/min). In both groups of experiments, however, the extrasystolic grouping was always related to characteristic patterns of tachycardia-dependent conduction disorder in a potentially re-entrant pathway (RP) in the infarction zone (IZ).
Extrasystolic Grouping at Relatively Fast Heart Rates Figure 1 was taken from an experiment that showed no reentrant ventricular beats during spontaneous sinus rhythm. Ventricular re-entry could be produced either following a premature beat with a critical range of coupling intervals or during a critical range of rapid heart rates induced by atrial pacing. During the atrial premature beat, the IZ potential was replaced by a continuous series of low amplitude asynchronous spikes ending with a relatively sharp deflection (marked by an arrow) bridging the entire diastolic interval between the atrial premature beat and the re-entrant ventricular beat. The continuous asynchronous spikes recorded by the IZeg reflected the electrical activity of the entire re-entrant pathway in the IZ. This electrical activity was not recorded in the NZeg obtained from the closely adjacent NZ. The late sharp spike that was recorded immediately preceding the inscription of the ventricular deflection of the re-entrant beat in both the surface ECG and NZeg probably reflected the electrical activity of the terminal part of the re-entrant pathway. This deflection can serve as a marker of conduction in the re-entrant pathway. Figure 1 , panels B and C, was recorded during atrial pac- The opening beat of the Wenckebach cycle was associated with a more synchronized sharp IZ potential. During the second beat of a 3:2 Wenckebach-like cycle, the IZ potential was replaced by a continuous series of asynchronous spikes ending with a relatively sharp spike immediately preceding the re-entrant beat which replaced the third beat of the Wenckebach cycle. The ventricular deflection of the re-entrant beat in the IZeg was approximately equal to the QRS duration in surface leads and was not followed by an IZ potential. The sinus beat that immediately followed the re-entrant beat showed once more a relatively synchronized IZ potential and represented the opening beat of the next 3:2 Wenckebach-like cycle. Regular repetition of these cycles caused a trigeminal rhythm with an almost constant coupling interval of 260-265 msec. On the other hand, panel C shows that the quadrigeminal rhythm was related to a 4:3 Wenckebach-like cycle of the IZ potential. In this case, in contrast to the trigeminal rhythm in panel B, the second beat of the cycle showed a limited degree of fractionation and delay of the IZ potential that extended for only the first half of the diastolic interval. During the third beat of the cycle the IZ potential showed further delay in diastole that ended in a re-entrant beat which replaced the fourth beat of a 4:3 Wenckebach-like cycle. beat near the end of the record. Analysis of the IZeg shows that two successive 3:2 Wenckebach-like cycles of the IZ potential occurred between the two consecutive manifest reentrant beats. During the second beat of the first 3:2 Wenckebach-like cycle the IZ potential showed lesser degree of conduction delay compared to the same beat during manifest trigeminal rhythm (both the first and last 3:2 Wenckebach-like cycles in the record). This relatively limited degree of delay of the IZ potential probably did not provide sufficient time for recovery of the terminal part of the re-entrant pathway for manifest re-entry to take place. Figure 2 , panel A, thus illustrates an example of concealed trigeminy. On the other hand, the standard ECG leads in figure 2, panel B, also illustrate the presence of five sinus beats between two consecutive manifest re-entrant beats, the same as in panel A. Analysis of the IZeg, however, shows that this was not an example of concealed trigeminy as shown in panel A but was rather due to a longer 6:5 Wenckebach-like cycle of the IZ potential. Figure 3 was obtained from the same experiment shown in figures 1 and 2. The first part of panel A was obtained from a record showing a quadrigeminal rhythm during regular atrial pacing at a cycle length of 300 msec. The quadrigeminal rhythm in this record differed from the one shown in figure 1 , panel C, in having two consecutive re-entrant beats instead of one at the end of the 4:3 Wenckebach-like cycle of the IZ potential. Atrial pacing was abruptly terminated in the last part of the record during the second beat of a potential 4:3 Wenckebach-like cycle. With resumption of the relatively slower sinus rhythm there was immediate improvement of conduction in the IZ as revealed in the IZeg by the inscription of a more synchronized sharp IZ potential close to the major ventricular deflection (marked by arrows). The re-entrant ventricular arrhythmia was terminated at the same time that IZ potential improved. Figure 3, fig. 1 ), alterations in the cardiac cycle can result in significant variation of the coupling interval of re-entrant beats. Figure 4 was taken from the same experiment shown in figures 1-3. The figure shows an interesting pattern of conduction in the re-entrant pathway and helps to illustrate the effect of the re-entrant beat on conduction in the IZ of the following sinus impulse. Panels A and B represent a continuous tracing and illustrate a regular trigeminal rhythm (beats 1 to 7) with gradual increment of the coupling interval of the re-entrant beats. This resulted in a successively greater degree of ventricular fusion with more activation of the ventricles by the supraventricular impulse. The barely perceptible changes in the QRS configuration of beat 7 compared to a sinus beat hardly betrays the occurrence of partial re-entry. However, the NZeg of this beat clearly shows that the NZ closely adjacent to the IZ was re-excited by the delayed electrical activity in the IZ. The IZeg shows that the trigeminal arrangement was due to regular repetition of a 3:2 Wenckebach-like cycle of the IZ potential. The increase in the coupling interval of the re-entrant beats was related to a gradual increment of the conduction delay of the IZ potential during the second beat of the 3:2 Wenckebach-like cycles.
Panel A shows that the IZ potential of the sinus beat that immediately followed a re-entrant beat (i.e., the opening beat of the following 3:2 Wenckebach-like cycle) was closely coupled to the major ventricular deflection. The first sinus beat in panel B which followed the fifth re-entrant beat showed a slightly more separation of the IZ potential from the major ventricular deflection denoting more conduction delay in the IZ. This became more noticeable in the sinus beat that followed the sixth re-entrant beat. Finally, the sinus beat that followed the seventh re-entrant beat revealed Figure 5 was obtained from an experiment that showed reentrant ventricular beats with extrasystolic grouping during spontaneous sinus rhythm (usually a heart rate of 120-170 beats/min in the anesthetized dog). Both sinus slowing and sinus tachycardia resulted in the disappearance of the arrhythmia. Figure 5 , panel A, was recorded during vagalinduced sinus slowing. The IZ potential (marked by an arrow) was regularly inscribed following every sinus beat in a 1: 1 conduction pattern. Figure 5 , panel B, shows that release of vagal stimulation with gradual acceleration of the heart rate was associated with a beat-to-beat increased fractionation and delay of the IZ potential (marked by arrows). The last sinus beat was followed by a markedly delayed IZ potential that resulted in a re-entrant ventricular rhythm. The fractionated IZ potential bridged the entire diastolic interval between the sinus and re-entrant beats. Figure 5 , panel C, shows that when the basic heart rate was kept constant at 133-136 beats/min (cycle length of 445450 sec) a regular quadrigeminal rhythm developed. The latter was related to the regular succession of a 4:3 Wenckebach-like conduction pattern of the IZ potential.
Figures 6 and 7 were obtained from the same experiment shown in figure 5 and represent recordings during spontaneous sinus tachycardia. Panels A and B in figure 6 and FIGURE 5. Recordings obtainedfrom an experiment that showed extrasystolic grouping during spontaneous sinus rhythm. Panel A was recorded during vagal-induced slowing of the spontaneous sinus rhythm. Panel B shows that release of vagal stimulation with gradual acceleration of the heart rate was associated with a beat-to-beat increased fractionation and delay of the IZ potential (marked by arrows) resulting in a re-entrant ventricular rhythm. Panel I panels A to C in figure 7 were arranged to show the effect of spontaneous acceleration of the sinus rate. Figure 6 , panel A, was recorded during a sinus cycle length of 385 msec. The standard ECG leads show essentially a bigeminal rhythm with every sinus beat being regularly followed by a very late coupled ventricular beat resulting in varying degrees of ventricular fusion except in the middle of the record where three sinus beats occurred in a row. The latter arrangement may superficially suggest an example of concealed bigeminy. The IZeg shows that the bigeminal rhythm was related to a 2: 1 conduction pattern of the IZ potential whereby each sinus beat was followed by a fractionated and delayed IZ potential that extended up to the ventricular beat that showed very late but fixed coupling. However, what simulated a concealed bigeminy in the middle of the record was in fact due to a period of 4:3 Wenckebach-like conduction pattern of the IZ potential. Figure 6, sinus rate (a cycle length of 375 msec). The record illustrates a bigeminal rhythm at the beginning and the end of the record with a period of five consecutive sinus beats in between. In contrast to panel A, the IZeg reveals that this arrangement was indeed an example of concealed bigeminy. The IZeg shows that every sinus beat was regularly followed by a fractionated and delayed IZ potential in a regular 2: 1 conduction sequence. However, only following the first, seventh, and ninth cardiac (sinus) beats was the fractionated IZ potential markedly delayed resulting in a ventricular re-entrant beat. By contrast, there was relatively less degree of delay of the IZ potential that followed the third and fifth cardiac (sinus) beats which failed to result in reentry. This would suggest failure of conduction in the terminal part of the re-entrant pathway. Figure 7 , panel B, shows that further acceleration of the sinus rate resulted in a bigeminal rhythm with a greater degree of ventricular fusion. This is explained by the fact that the re-entrant pathway conduction time closely approached the cardiac cycle length which resulted in more activation of the ventricles by the conducted supraventricular impulse. This explanation is further confirmed in figure 7 , panel C, which shows that on slight further abbreviation of the sinus cycle length manifest ventricular bigeminy disappeared. Analysis of IZeg showed that there was still a 2:1 conduction pattern of the fractionated IZ potential, the latter extended up to the ventricular deflection of the following sinus beat. However, the very terminal part of the IZ potential that was consistently inscribed before each manifest re-entrant beat had disappeared. This would strongly suggest that the very terminal part of the re-entrant pathway was regularly pre-excited by the conducted supraventricular impulse approaching from the NZ.
It is important to stress the difference in the mechanism of concealed bigeminy shown in figure 6, panel B, and figure 7 , panel C. Thus, in the former situation, the re-entrant impulse probably failed to conduct in the terminal part of a potentially re-entrant pathway. By contrast, in figure 7 , panel C, there was probably no failure of propagation of the reentrant impulse but rather a pre-activation of the terminal part of the re-entrant pathway by the following sinus beat when the basic sinus cycle length was shorter than the reentrant pathway conduction time.
Functional Dissociation of Conduction in the Ischemic Zone during Extrasystolic Grouping Analysis of the composite electrode recording from the IZ during the bigeminal rhythm in figure 7 , panel A, provided suggestive evidence of functional dissociation of conduction in the IZ. In over 50% of the experiments, however, clear evidence of dissociated conduction in the IZ was revealed by analysis of simultaneous recording of the composite and one or more of the close bipolar electrodes. This is illustrated in figure 8 . Panel A shows simultaneous recordings from the IZ by a composite electrode (IZeg-Comp) and a close bipolar electrode (IZeg-Bip) obtained during spontaneous sinus rhythm at a cycle length of 490 msec. Both the IZeg (Comp) and the IZeg (Bip) revealed a 1:1 conduction pattern of a slightly delayed but relatively sharp IZ potential (marked by arrows). Panel B shows that atrial pacing (PI) at a cycle length of 420 msec resulted in a regular trigeminal rhythm with two successive re-entrant beats following every second sinus beat. The first re-entrant beat was clearly premature and had a fixed coupling interval of 320 msec (100 msec shorter than the basic cardiac cycle length of 420 msec). On the other hand the second re-entrant beat followed the first one after a cycle length of 440 msec, slightly longer than the basic sinus cycle length.
The IZeg (Comp) reveals that the trigeminal rhythm was related to a 3:2 Wenckebach-like conduction pattern of the IZ potential with the first re-entrant beat replacing the blocked beat of the 3:2 cycle. A continuous series of low amplitude multiple asynchronous spikes bridged the entire diastolic interval between the sinus and first re-entrant beats as well as between the two successive re-entrant beats with a large amplitude relatively sharp component of the IZ potential inscribed in the later part of the diastolic interval (marked by straight arrows). Analysis of the IZeg (Bip) revealed that its IZ potential (marked by curved arrows) maintained a 1: 1 conduction pattern during the 3:2 Wenckebach-like cycle depicted by the IZeg (Comp) while the IZ potential failed to be inscribed during both re-entrant beats. This strongly suggests that the close bipolar electrode was reflecting the electrical activity of a localized functionally dissociated area of the IZ that clearly did not participate in the 3:2 Wenckebach-like cycle in the re-entrant pathway depicted by the IZeg (Comp). The latter electrogram, in contrast to the close bipolar recording, averaged the recordings from multiple close bipolar sites.
The functional dissociation of conduction in the IZ is further emphasized in figure 9 , panel A, obtained from the same experiment shown in figure 8 during atrial pacing at a slightly faster rate. The standard ECG lead illustrates two re-entrant beats at the beginning and end of the record with four successive sinus beats in between, an arrangement that does not conform with either concealed bigeminy or concealed trigeminy. Analysis of the IZeg (Comp), however, readily provides the electrophysiologic mechanism by showing the succession of a 2: 1 block and a 3: Wenckebach-like cycles was not an uncommon finding in this study and could result in a host of arrangements of manifest re-entrant beats. Figure 9 , panel A, illustrates that the two re-entrant beats had variable coupling intervals with the second late-coupled beat showing some degree of ventricular fusion. This contrasted with the fixed coupling during the trigeminal rhythm shown in figure 8 . The variable coupling in figure 9 , panel A, can probably be explained on the basis of the relatively complex conduction sequence that separated the two re-entrant beats. On the other hand, the fixed coupling in figure 8 was due to the presence of a relatively stable simple succession of 3:2 Wenckebach-like cycles. This clearly illustrates that in the same experiment re-entrant beats with both fixed and variable coupling could be seen related, respectively, to a relatively stable pattern or variable conduction patterns in the re-entrant pathway. A similar observation was shown in figure 3 , panel B.
Effect of Preceding Cycle Length on Refractoriness in Ischemic Myocardium
Conduction in the IZ was consistently tachycardia dependent. There was, however, evidence that refractoriness in ischemic myocardium varied according to the length of the preceding cardiac cycle, with an increase of refractoriness following a long preceding cycle. This is illustrated in figure  9 , panel B, which was obtained from the same experiment shown in figure 8 and figure 9 , panel A. The record shows atrial pacing at a basic cycle length of 375-380 msec. The IZeg (Comp) reveals that the two successive re-entrant beats in the middle of the record were related to a long Wenckebach-like conduction cycle in the re-entrant pathway with a beat-to-beat increment of the fractionation and delay of the IZ potential (marked by straight arrows). re-entrant pathway does not require a delicate balance between the re-entrant pathway conduction time and the basic cardiac cycle length and manifest re-entrant beats do not have to be late coupled. Conduction in a re-entrant pathway is very slow and decremental in nature. Conduction can become even more decremental and block along the reentrant pathway when a slight difference in refractoriness between the different components of the pathway occurs. This is more likely to happen at relatively short cardiac cycle lengths because of the tachycardia-dependent nature of conduction in the re-entrant pathway. However, it was clearly demonstrated in this study that during a remarkably constant basic cycle length, the re-entrant impulse may occasionally and unpredictably fail to complete conduction in the re-entrant pathway due to block along its way (figs. 2A and 6B). This underscores the tenuous nature of conduction along various components of the re-entrant pathway.
Attention was focused on the phenomenon of concealed extrasystoles when Schamroth and Marriott coined the term concealed bigeminy."°These authors noted that in ECG records containing apparently haphazard distribution of extrasystoles, the interectopic intervals always consisted of an odd number of sinus beats thus suggesting that a bigeminal rhythm probably persisted in a concealed form. These authors later described records of concealed trigeminy and other recordings showing fluctuation between concealed bigeminy and trigeminy and attributed both manifest and concealed extrasystoles to a mechanism of triggered automaticity." More recent reports tried to explain the phenomenon on the basis of re-entry.'2, 13 However, some of the mechanisms suggested were speculative while the basic mechanism of Wenckebach-like conduction in a re-entrant pathway was not entertained.
Extrasystoles with Fixed and Variable Coupling
This study has shown that in the presence of a stable conduction pattern in a potentially re-entrant pathway, e.g., regular repetition of a 2: 1 or 3:2 conduction sequences, the re-entrant impulse can retrace the same pathway in practically the same span of time and produce extrasystoles with almost constant coupling. Considering the high degree of functional dissociation of conduction in the IZ and considering that the myocardium is a free syncytium with several potential alternative routes, the ability of the re-entrant impulse to precisely retrace the same complex pathway is truly a remarkable electrophysiologic phenomenon. A likely explanation is that under a stable condition the reentrant pathway is probably shaped by a delicate difference of refractoriness and conduction characteristics of its various components, with the re-entrant impulse tending to pursue the line of least resistance. Once a re-entrant route is engraved, the passage of the re-entrant wavefront tends to perpetuate the same delicate balance of electrophysiologic properties that established it in the first place. On the other hand, different re-entrant pathway conduction times, and hence variable coupling intervals of extrasystoles were frequently seen when there was a change in the conduction pattern in the pathway, e.g., a change from a 2: 1 to a 3: 2 conduction sequence. A change of conduction patterns can be easily induced by a minor or major alteration of the cardiac cycle length ( fig. 3B ). However, this change can also occur at remarkably constant cycle lengths ( fig. 9A ). In this case, the surface ECG will show sudden "unpredictable" variations in the coupling intervals. Extrasystoles with variable coupling can still have the same QRS configuration if there is little or no change in the site of early breakthrough of the re-entrant impulse into the closely bordering NZ. The variation in coupling will be accounted for by changes along the re-entrant route but with a constant terminal pathway. Significant changes in the terminal pathway, as well, can conceivably explain both variations in coupling and QRS configuration of re-entrant extrasystoles.
In summary, the present study provides a direct detailed analysis of the mechanism of re-entrant extrasystolic grouping in the in vivo heart. The study has documented the phenomenon of concealed extrasystoles; however, it has also unequivocally established that the surface ECG is an inadequate means of analyzing the exact nature of the underlying concealed re-entry.
